One contribution of 14 to a theme issue 'Physics and chemistry of plasma-assisted combustion' .
The effect of O 3 on C 2 H 4 /synthetic-air flame propagation at sub-atmospheric pressure was investigated through detailed experiments and simulations. A Hencken burner provided an ideal platform to interrogate flame speed enhancement, producing a steady, laminar, nearly one-dimensional, minimally curved, weakly stretched, and nearly adiabatic flame that could be accurately compared with simulations. The experimental results showed enhancement of up to 7.5% in flame speed for 11 000 ppm of O 3 at stoichiometric conditions. Significantly, the axial stretch rate was also found to affect enhancement. Comparison of the flames for a given burner exit velocity resulted in the enhancement increasing almost 9% over the range of axial stretch rates that was investigated. Twodimensional simulations agreed well with the experiments in terms of flame speed, as well as the trends of enhancement. Rate of production analysis showed that the primary pathway for O 3 consumption was through reaction with H, leading to early heat release and increased production of OH. Higher flame stretch rates resulted in increased flux through the H + O 3 reaction to provide increased enhancement, due to the thinning of the flame that accompanies higher stretch, and thus results in decreased distance for the H to diffuse before reacting with O 3 .
Introduction
The trend in modern combustion systems towards operation at high efficiencies with reduced emissions requires the development of innovative methods to both enhance and control increasingly complicated combustion processes. Several applications that encourage the development of new methods to enhance the combustion process are state-of-the-art gas turbine engines, which operate at ultra-lean equivalence ratios to minimize NO x and particulate emissions, and supersonic combustion ramjets (scramjets), where adequate mixing of the fuel and oxidizer and complete combustion must occur within the order of milliseconds. Such technologies naturally approach the limits provided by more traditional combustion techniques. One way to overcome these limits is to enhance the flame propagation and stabilization properties in such environments.
In order to achieve successful flame propagation, flame stabilization and complete combustion, additional energy must be injected into the system to accelerate the fuel oxidation processes. The typical technique to enhance fuel reactivity is to deposit additional energy into the combustor by way of elevated temperatures or by the production of highly reactive species. One of the most promising methods to deposit energy into a reactive system is through the application of plasma. The injection of plasma has the benefits of providing on-demand and in situ energy addition. This means that the energy can be deposited directly into a flame front or into the reactants. Over the past several decades, the application of plasma to combustion systems has been shown to help reduce ignition delay time [1] [2] [3] [4] [5] [6] , enhance flame stabilization [7] [8] [9] , increase the flame propagation speed [10] [11] [12] and reduce emissions [13, 14] . Many of the studies have focused on non-thermal plasmas, which can be more effective than thermal plasmas in producing better species selectivity to enhance combustion [15] [16] [17] .
The studies cited above rely on the plasma production of various short-lived oxygenand nitrogen-containing species and can be complicated by the highly coupled plasma-flame interaction. Therefore, one avenue of effort has been to clearly define a combustion system and introduce specific plasma-produced species in an attempt to isolate the enhancement mechanisms [18] [19] [20] [21] [22] . One such plasma-produced species is ozone (O 3 ). Previous studies have shown that O 3 can enhance both flame propagation and stabilization [18] [19] [20] [21] [22] , as well as used to control combustion processes in homogeneous charge compression ignition engines [23] [24] [25] . In addition, the production of plasma species such as O 3 is important due to the relevance that it can have in the practical application of the technology. This is because O 3 is easily produced and, due to its long lifetime at lower temperatures (4000 s at 300 K [26] ), easily transported to the reaction zone. As such, plasma production of O 3 provides a means for energy to be coupled into a flow in one location and extracted in another with minimal energy loss.
While thermal enhancement through elevated temperatures is a well-known method to enhance the rate of fuel oxidation, it can be inefficient, whether from heat loss to hardware or because of having to increase all energy degrees of freedom in the reactive system. Kinetic enhancement, where energy is used to change reaction pathways by creating active species, is more selective, and therefore can be more efficient vis-à-vis the enhancement achieved. Ozone can enable kinetic enhancement of flames through the activation of reactions at lower temperatures, which in turn leads to early heat release. Indeed, O 3 has already been shown to increase flame speed for hydrocarbons such as methane (CH 4 ) [18] [19] [20] [21] [22] and propane (C 3 H 8 ) [21, 22] . Furthermore, the enhancement has been shown to be strongly dependent on the equivalence ratio, with lean and rich mixtures being enhanced more compared with the stoichiometric condition. While alkanes like CH 4 and C 3 H 8 have been investigated, it is of interest to pursue other fuels with different chemical structure in order to understand whether the enhancement pathways are similar. As larger hydrocarbons can have different fuel decomposition pathways (thermal versus radical reactions) in the early portion of the flame, this understanding can help determine the dominant enhancement mechanism when O 3 is produced and interacts with such fuels.
Equally as important as the enhancement with different fuels is the influence of flame stretch. Most of the previous plasma-assisted combustion studies have not focused on detailed measurements of how hydrodynamic flame stretch influences enhancement when specific plasma-produced species are present. When looking towards more realistic and practical applications, the effect of stretch is critical because it is nearly always present. Specifically for O 3 , the effect of stretch may be more pronounced because of the possibility of different decomposition and reactive pathways in the early stages of the flame zone. As the enhancement by O 3 can rely on both O 3 decomposition as well as the direct reaction of O 3 with other species that are present in the early region of the flame, the upstream diffusion of species and their composition are critical to enhancement. Flame stretch, which influences the flame thickness, has the potential to change the relative distribution of species because of upstream diffusion within the preheat zone [27] . Therefore, O 3 enhancement can potentially have different coupling and enhancement mechanisms depending on the flame structure.
The goal of this study was to investigate the kinetic enhancement effects of O 3 on ethylene (C 2 H 4 )-air flame propagation, as well as the influence of hydrodynamic stretch on enhancement. Measurements of the flame propagation enhancement were accomplished using the laser diagnostic technique of particle image velocimetry (PIV), and the kinetic enhancement pathways as a function of flame stretch rates were identified through detailed numerical simulations.
Experimental set-up
A Hencken burner at sub-atmospheric pressure was used to measure flame speeds with and without O 3 addition over a range of stretch rates. The stretch rates were calculated from the slope of the velocity gradient immediately upstream of the minimum velocity and are therefore termed axial stretch rates [28] . The burner was chosen because it provides steady, laminar, nearly one-dimensional, minimally curved and nearly adiabatic premixed flames with weak stretch (10-100 s −1 ) and sufficient lift-off height to interrogate flame speed with PIV [28] .
(a) Burner platform
The experiments were performed using a Hencken burner (Technologies for Research Model RT1 × 1) inside a variable pressure chamber. At atmospheric pressures and above, the flame produced by a Hencken burner is fairly well known, where the fuel and oxidizer are separated until the burner exit, whereupon they mix and establish a flame with sufficient standoff to suppress heat loss to the burner. The flame is stabilized by propagating to a region of mixing as well as by a small amount of heat loss to the burner surface. While this flame is ideal for producing a nearly adiabatic flame, it is not ideal for flame speed measurements. This is because the flame is somewhat wrinkled from concentration and velocity gradients. When the flow velocity is increased beyond the laminar flame speed, the flame lifts off non-uniformly and easily blows off because of the weak stability mechanism. On the other hand, at sub-atmospheric pressure, because of increased diffusivity, the flame produced by a Hencken burner can be stabilized at significant lift-off heights [28] . These flames are steady, laminar, nearly one-dimensional, minimally curved and nearly adiabatic. Furthermore, because of the increased diffusivity at lower pressures, the flames are premixed even when the reactants exiting the burner are non-premixed.
Additionally, the Hencken flames at sub-atmospheric pressure are weakly stretched. Without the presence of the flame, the exit flow of the burner remains at a constant velocity with no axial or radial gradients. The presence of the flame causes the flow to diverge, establishing a velocity gradient where the flame can stabilize. Different burner exit velocities do not result in appreciable changes to the minimum velocity, which is equivalent to the flame speed. This indicates that the flame is in a dynamic balance with the local flow velocity, with the only difference in flame speed originating from stretch effects. Therefore, as the burner exit velocity is increased at a fixed equivalence ratio, the burning flux of the flame has to increase. The only way for the flame to accomplish this is by increasing its area, which in turn increases the amount of flow divergence. This produces higher stretch rates at the flame front, spanning an approximate range from 0 to [28] . The unique characteristics of the Hencken flame at sub-atmospheric pressure are vital to the discussions that will ensue throughout the remainder of this paper.
The chamber is cylindrical and constructed of electro-polished stainless steel with inside dimensions of 38.7 cm in diameter and 71.8 cm in height. A schematic of the experimental setup is shown in figure 1 . Ultra-high purity O 2 (99.999%) was sent to the O 3 generator, which was maintained at an internal gauge pressure of 69 kPa in order to produce the desired concentrations of O 3 . Ultra-high purity gas was used to minimize the production of nitric oxide (NO) and any other reactive species, so that all of the enhancement could be attributed to reaction with O 3 . The O 2 /O 3 mixture was then mixed with N 2 to create synthetic air (21% O 2 in 79% N 2 by volume), after which the gas flowed to the absorption cell (used to quantify the O 3 concentration). Immediately downstream of the absorption cell, C 2 H 4 (more than 99.5% purity) was added to the flow, creating a premixture at a fixed equivalence ratio upstream of the burner. Farther downstream, some of the gas flowed through a bypass directly to the chamber, while the remainder continued through the particle seeder for PIV and into the Hencken burner. The bypass line (with flow regulated by a needle valve) provided control of the flame lift-off height, and hence the axial stretch rate, by diverting some gas away from the burner. This allowed for constant flow rates through the mass flow controllers at a fixed equivalence ratio, allowing for changes to the flow to the Hencken burner while maintaining a constant pressure in the O 3 generator and in the chamber. The Hencken burner was therefore run in a 'premixed' mode, but the mixture was only sent through the oxidizer honeycomb and not through the fuel tubes in order to prevent clogging of the burner by particles from PIV seeding. The increased diffusivity at sub-atmospheric pressure mitigated all of the gradients prior to the flame, resulting in a premixed flame [24] . There are four ports for optical access through fused-silica windows located 90 • apart from each other at half the height of the chamber. Additionally, there are four access ports for feedthroughs of gases, controls, etc. Sub-atmospheric pressures were achieved using a scroll pump and regulation valves and monitored using a capacitance manometer (accurate within ±0.05 kPa). The pressure in the chamber was maintained at 10.7 kPa for all experiments. The pressure was also monitored in the O 3 absorption cell to ensure accurate O 3 measurements. Additionally, temperatures at three locations in the chamber were recorded: at the bottom and top of the chamber, as well as at the exit of the Hencken burner. Mass flow controllers, calibrated using a dry piston flow calibrator (Bios Definer 220), metered the gas flows and provided accuracy within ±1% of the indicated flowrate. PIV was used to measure the flame speeds with and without the presence of O 3 , as well as the stretch rates from the velocity gradients upstream of the flame. To accomplish this, a New Wave Research Solo PIV dual Nd : YAG cavity system was used. The frequency-doubled 532 nm beams were sent through telescoping optics to produce a sheet collimated vertically at approximately 40 mm in height and focused in width after passing across the centre of the burner. This provided a vertical sheet above the burner of approximately 1 mm thickness. The mixture was seeded with less than 100 nm anatase titanium dioxide (TiO 2 ) particles, and the resulting scattering was imaged with a 1600 pixel by 1200 pixel interline-transfer, charge-coupled device camera (PCO 1600) using a 105 mm lens, with the f-stop set to f/11. Images were processed with the LaVision DaVis 8.0PIV software package. Care was taken to minimize reflections from the burner surface that would cause errors in the PIV correlations. Nevertheless, surface reflections corrupted the near-burner velocities (at distances less than or equal to 1 mm from the surface), therefore limiting the minimum axial stretch rates that could be resolved to approximately 40 s −1 . Long exposure images of both the unenhanced (without O 3 ) and enhanced (with O 3 ) seeded flames are shown in figure 2. For each condition, 150 image pairs were taken, with the timing difference between laser pulses set to t = 90 µs. This t value was chosen based on the field of view and the expected velocities. Averages of velocity (for the 150 images) for several different widths across the middle of the flow were computed to determine the velocity profiles. A width of 8 mm was chosen to provide the most accurate representation of the velocities while remaining in the range of a linear radial velocity gradient [28] . Furthermore, at higher flame liftoff heights (more than 10 mm), entrainment from the N 2 curtain diluted the mixture and caused a decrease in the flame speed. Thus, flames with lift-off heights more than 10 mm were not used in this study.
(c) Experimental uncertainty analysis
The uncertainty in the velocity and stretch rate was dependent upon how the raw PIV data were processed. A convergence analysis was performed and led to small uncertainties of 1.22 cm s −1 for the 0 ppm O 3 flames and 1.14 cm s −1 for 11 000 ppm O 3 flames. This uncertainty is displayed with vertical error bars for the flame speeds when reporting the experimental results.
The stretch rate for a given dataset was determined by calculating the steepest velocity gradient just upstream of the minimum velocity. There are no rigorous guidelines to determine what range of data points should be used for this calculation, and therefore some subjectivity lies in the results. Generally, the stretch rates are reasonably constant over a significant portion of the curve before the minimum velocity point. In these cases, there is not a large concern of significant uncertainty in the stretch calculation. However, the inclusion or exclusion of just one or two data points (approx. 0.2 mm per data point) has been observed to alter the stretch rate by as much as 4%. This error is displayed as the horizontal error bars reported in the experimental results. There are no error bars on the enhancement data as they are calculated from the trendlines of the flame speed data with and without O 3 , and not as a one-to-one comparison.
(d) O 3 measurement
The O 3 concentration was measured using a single-pass, line-of-sight absorption cell with a 12.5 mm path length and fused-silica windows. An ultraviolet light-emitting diode (LED) with stable output provided radiation at the wavelengths covering the Hartley band of O 3 , and an amplified photodiode detected transmission through the absorption cell. A bandpass filter was used to block ambient light and thus improve the fidelity of the measurement. The wavelength of 253.7 nm was used because O 3 has a peak absorption cross section there of 1.137 × 10 −17 cm 2 (at 300 K) [29] . No other species present in the flow absorb at this wavelength. Therefore, the change in the transmittance with the O 3 generator on and off could be used to determine the O 3 number density (and hence concentration) through the Beer-Lambert law:
where N ozone is the absolute number density of the absorbing species, O 3 , I the intensity of light in the presence of O 3 , I 0 the intensity of light without O 3 , σ ozone the absorption cross section of O 3 at the excitation wavelength (253.7 nm), and L the path length in the absorption cell (12.5 mm).
The intensity of light in the presence of O 3 was recorded during each test run using a digital oscilloscope (Teledyne LeCroy HDO6104). In addition, the output of the LED was monitored for fluctuations in output intensity using a second amplified photodiode. However, inevitable fluctuations in the O 3 generator and slight changes in pressure due to back-pressuring of the system by the seeder resulted in some fluctuation in O 3 concentrations of approximately ±150 ppm (out of approx. 11 000 ppm) in the synthetic air. These small fluctuations were shown to be negligible through one-dimensional simulations of the flame speed enhancement under the conditions of the experiments.
As the O 3 measurement was performed upstream of the burner (as shown in figure 1) , there was the potential for some of the O 3 to quench (i.e. react) before reaching the flame front. To verify that the internal surfaces of the particle seeder and tubing, as well as the fuel itself, did not quench the O 3 and that the amount measured was truly the amount at the flame front, a separate set-up was configured. Here, valves were installed such that the flow through the absorption cell could be changed quickly from the O 3 /synthetic-air mixture directly from the O 3 generator to a flow path in which the particle seeder was placed between the O 3 generator and the O 3 absorption cell. A similar configuration was employed for the burner. In order to verify that the fuel did not quench the O 3 , C 2 H 4 was added to the O 3 /synthetic-air mixture before it entered the absorption cell. The different set-ups showed no measureable difference in the O 3 concentration. Therefore, the internal surfaces of the particle seeder, tubing and burner, as well as the fuel, did not reduce the O 3 concentration. As the O 3 was produced upstream of the seeder, there was also the potential for the TiO 2 particles to quench some of the O 3 . To confirm that there was minimal particle-induced quenching, a C 2 H 4 /synthetic-air flame representative of the ones used in the experiment was established without particle seeding. When the O 3 generator was turned on, the flame moved upstream due to the enhancement of the flame speed, and a long exposure photograph of the flame was taken. The seed was then introduced to the flow and a long exposure photograph taken again. As the flame lift-off height is very sensitive to changes in the flame speed, if the particles were quenching some of the O 3 , the flame speed would decrease and the flame lift-off height would change. The results from the photographs showed no discernible difference in the flame lift-off height with O 3 and with and without particle seeding, indicating minimal particle-induced quenching of O 3 . 
Results and discussion (a) Experimental results
As the Hencken flame at sub-atmospheric pressure is in a dynamic balance between the local flow velocity and the flame speed, any enhancement of the flame speed with the presence of O 3 results in the flame moving upstream. This is due to the flame (heat release) dictating the upstream velocity gradient, and hence stretch rate, where higher flame lift-off heights typically result in higher stretch rates [28] . PIV was performed to quantify the flame speed, stretch rates and enhancement by O 3 , by finding the local minimum velocity and velocity gradient. Measurements were taken for 0 ppm O 3 and for approximately 11 000 ppm O 3 , where 7.8% of the O 2 was converted to O 3 . The conversion of some O 2 to O 3 inevitably resulted in a minor temperature rise. However, the dilution of the O 2 /O 3 mixture with N 2 and heat loss to the flow surfaces in transit to the O 3 measurement cell and burner resulted in no appreciable rise in the gas temperature. The measurements were accomplished by varying the bypass in the system, which established the flame at certain lift-off heights. PIV was then performed without and with O 3 present. This resulted in a range of flames without and with O 3 across a range of flame lift-off heights and hence axial stretch rates. The results for a stoichiometric mixture are shown in figure 3 . The flame speed increased with stretch rate, as would be expected for this stoichiometric C 2 H 4 /synthetic-air mixture, and the presence of O 3 clearly increased the flame speed.
(b) Simulations
In order to understand the mechanisms of enhancement, one-dimensional simulations were first performed using the PREMIX code from the CHEMKIN package [30] . The chemical kinetic mechanism of USC Mech II [31] was used because of successful comparisons to experiments in a previous study [28] . Twenty-six O 3 reactions from [19, 20, 22] were added to the mechanism and are shown in table 1. As mentioned above, it was confirmed experimentally that O 3 does not react with the fuel prior to the combustion zone. Gao et al. [32] showed that at higher pressures or at longer residence times, this is no longer the case, but at reduced pressures and the flow residence times in the current experiments, the reaction between the two is negligible. In addition, other works have noted that reactions between O 3 and saturated hydrocarbons such as CH 4 are quite slow at room temperature, and therefore the influence of O 3 on such fuels can be ignored [20] . Although the addition of reactions in the O 3 sub-mechanism does not consider synergistic effects, or how the addition of these reactions affects the rates of reactions present in the original mechanism, good agreement has been found between experimental results and the simulations [19, 20, 22] .
From the one-dimensional simulations, flame speed enhancement with 11 000 ppm of O 3 was found to be over 11%, while the experimental enhancement was approximately 7%. This difference is partly due to the fact that the one-dimensional simulations fail to capture any stretch effects that would be present in these flames as the one-dimensional calculations are at zero stretch (figure 4). So while the kinetic processes would be captured, the comparison to the stretched flames in the experiments may not be suitable. Therefore, two-dimensional simulations were performed using the unsteady ignition and combustion with reactions (UNICORN) model [28, [33] [34] [35] [36] . UNICORN only requires the inflow conditions to determine the flame lift-off height and axial stretch rate.
The flame speed results for both the two-dimensional simulations and experiments are also shown in figure 4 . There was excellent agreement between the measurements and simulations without the presence of O 3 , further reinforcing the validity of the kinetic mechanism being used for these flames. With 11 000 ppm O 3 , flame speeds derived from the simulations were greater than the measured values, but the trend of increased flame speed with stretch was captured.
To quantify the flame speed enhancement at each stretch rate, linear trendlines were fitted to the data with and without O 3 addition. The experimental results showed a fairly constant 7% increase in flame speed, with a slight trend of more enhancement at higher axial stretch rates (figure 4). This trendline compares the flame speed differences in unenhanced and enhanced flames with the same axial stretch rates. Another mode of comparison is to examine the variations in flame speed enhancement in flames that are stabilized in flow fields with identical burner exit velocities. This idea will be expanded upon later in the paper. A similar trend of near constant enhancement at each stretch rate is seen in the simulation data as well (figure 4). While the enhancement of flame speed was over-predicted, the trends were similar, indicating that the underlying mechanism of enhancement was correctly captured by the simulations and that the results could be used to analyse the mechanism in more detail. As mentioned previously, it is the presence of the flame itself that produces both axial and radial velocity gradients in the Hencken burner flow field. In contrast to stagnation flames, the gradient disappears when there is no flame stabilized above the Hencken burner [28] . As the burner exit velocity increases, the radial velocity gradient also increases. This is because more flow is forced to slow to the laminar flame speed. The mechanism by which the flow does this is by spreading out radially, much like an increase in the cross-sectional area of a duct causes a decrease in the axial velocity of a constant-density fluid. As such, the increase in burner exit velocity results in a flame with a higher burning flux with a larger area and a higher stretch rate. This is depicted by Flame A in figure 5. If O 3 is then added to this flame, the flame speed increases and the flame finds a new dynamic balance closer to the burner exit; as the burning flux has not increased (the burner exit velocity is the same), the flame area remains the same and therefore forces more divergence of the flow. This is represented by Flame B in figure 5 . Flames A and B both stabilize in a flow with an identical burner exit velocity, but due to the different flame propagation properties of the mixtures, they stabilize at positions with different local velocities and stretch rates. The flow fields are similar but distinct; the presence of the flames at different positions and with different flame propagation properties modifies the velocity field. This is shown by the different coloured streamlines in figure 5 and is also apparent in the pictures of figure 2. Therefore, in order to compare unenhanced and enhanced flames at the same stretch rate, the burner exit velocities for the two flames must be different. Figure 4 describes the amount of enhancement for a given stretch rate. As explained in the preceding paragraph, the direct comparison of stretch rates means that the unenhanced and enhanced flames are stabilized in flows with different burner exit velocities. Due to the nuances of the flame structure, it seemed prudent to compare the unenhanced and enhanced flames at the same burner exit velocities. This comparison of the flames for a given burner exit velocity shows a significant increase in the dependence of flame speed enhancement on the axial stretch rate in both the experiments and two-dimensional simulations ( figure 6 ). Though the maximum enhancement in figure 6 is similar to that shown in figure 4 , the increase in stretch dependence is clearly evident, therefore warranting a more detailed investigation of the enhancement mechanism.
To accomplish this, rate-of-production analysis was performed using both the one-and twodimensional simulations. It was found that there were two primary consumption pathways for O 3 in the early stages of the flame: have been observed for stoichiometric CH 4 where (3.2) becomes dominant over (3.1) above approximately 140 kPa [32] . Therefore, the major consumption pathways of O 3 with C 2 H 4 at stoichiometric, lean and rich conditions at the 10.7 kPa used in the experiments are shown in figure 7 . This is very different from what was observed for CH 4 [19, 20] and C 3 H 8 [22] experiments, the simulation results show that this is not the case. This is because (3.1) competes with more detrimental pathways for H atoms, thereby reducing the flux through these inhibitive reactions.
For H consumption, (3.1) competed with
and in turn C 2 H 5 + H → CH 3 + CH 3 (3.4) as shown in the rate of production of H in figure 8 . With the decreased flux of H through (3.3) and (3.4), there was less production of C 2 H 5 and CH 3 , both of which are less reactive than C 2 H 4 . The figure also shows that the presence of O 3 encourages an increased flux of H with HO 2 to produce more OH, which in turn leads to more heat release. As early heat release was determined to be one of the major contributors to flame speed enhancement with the presence of O 3 , the contributions from each reaction were calculated and are shown in figure 9 . While heat release from the reactions of HO 2 , C 2 H 3 , HCO, CH 2 O and C 2 H 4 with OH increased, the most significant heat release early in the flame was clearly from (3.1). The figure shows that the amount of heat release from the reaction of HO 2 with OH substantially increases in the preheat zone. Without the early heat release from (3.1), HO 2 would be fairly unreactive in this region, where the additional OH from (3.1) is present. However, the increased temperatures in this part of the flame allow for a much greater flux of HO 2 through OH, which in turn results in additional early heat release. Furthermore, the increased flux through the reaction of C 2 H 3 with O 2 not only thermally enhances the flame by increasing heat release in the preheat zone, but the increased production of HCO and CH 2 O from this reaction further increases the amount of early heat release by the increased flux through the reaction of these species with O 2 and OH, respectively.
With the significant contribution of (3.1) to the flame speed enhancement through competition with other H consumption pathways, as well through heat release, it was considered that any uncertainty in this rate might explain the discrepancy in the enhancement between the experiments and simulations. To this end, a sensitivity analysis of this rate to the flame speed was performed using the uncertainty defined by the source of the rate [37] . With the rate of (3.1) changed to both the upper and lower values (dictated by the specified uncertainty), there was negligible change in the flame speed enhancement. Considering that (3.1) was the single most important reaction added in the O 3 sub-mechanism for C 2 H 4 and its documented uncertainty is not, apparently, the source of the discrepancy in enhancement, it is reasonable to assume that the source of the difference lies elsewhere and for now remains unknown. As more radicals were produced and more heat release occurred earlier in the flame with the presence of O 3 , the reactions of radicals might be invoked at much lower temperatures than what the high temperature kinetic mechanism has been validated for. Therefore, the inclusion of low-temperature chemistry with special attention to the radical consumption pathways should be considered as the source of the enhancement discrepancy is unclear. This is a topic of current and future investigations. One-dimensional simulations were performed to examine both lean and rich flame speed enhancement by O 3 . Figure 10 shows that the speed and enhancement vary with equivalence ratio, with the minimum enhancement at near stoichiometric conditions. The result is expected because of the similar trends observed in previous investigations using other fuels [19] . The mechanism for the change as a function of equivalence ratio can be understood as a result of the lower chemical heat release of non-stoichiometric mixtures. Although the off-stoichiometric mixtures have lower laminar flame speeds than the stoichiometric case, the lower heat release makes them more responsive to a given amount of energy associated with the addition of O 3 , which would be fixed for a given concentration of O 3 . The higher enhancement of lean flames over rich flames can be explained by the lack of O and OH radicals in the flame region at rich conditions [22] . However, as enhancement was shown to be a strong function of the H concentration, it is possible that this behaviour is explained by H diffusion upstream, which varies with equivalence ratio.
While the mechanism of enhancement was found through the one-dimensional simulations, the increased enhancement with stretch remained unknown. As mentioned previously, the dependence of enhancement on flame stretch is most apparent when comparing unenhanced and enhanced flames with the same incoming velocities (burner exit velocities). This is equivalent to turning the O 3 generator on and off for a given flow condition ( figure 6 ). Therefore, a rateof-production analysis was performed using the two-dimensional simulation results with two exit velocities of 94 and 140 cm s −1 , which provided stretch rates of the unenhanced flame of approximately 10 and 100 s −1 , respectively. Examination of the primary O 3 reactions showed a sizeable change in (3.1) at higher stretch rates but little change in (3.2) (figure 11). Therefore, more heat was released early in the flame and more OH was produced, causing additional heat release through reactions with HO 2 , C 2 H 3 , HCO, CH 2 O and C 2 H 4 (as shown in figure 9 ). Furthermore, there was less H present to react with C 2 H 4 and C 2 H 5 in (3.3) and (3.4) , respectively. While the extra heat release early in the flame led to more flame speed enhancement at higher stretch rates, it is important to note that the O from O 3 decomposition (3.2) was still an important contributor to enhancement, but one that does not significantly vary with stretch. The increased importance of (3.1) at higher stretch rates can be explained by the change in flame structure. For a more highly stretched flame, the thickness of the flame decreases. Therefore, as the stretch rate is increased, the H that is produced at higher temperatures later in the flame does not have to diffuse as far upstream to react with O 3 . This behaviour may be true for other radicals and therefore other reactions but may not be as pronounced as with H because of its high diffusivity.
Conclusion
Ozone was shown to enhance flame speed in stoichiometric C 2 H 4 /synthetic-air flames; the exact amount of enhancement with 11 000 ppm of O 3 depends on the axial stretch rate of the flame but was typically about 7% at moderate stretch rates. Numerical simulation results showed that the reaction of O 3 with H (forming OH) was the main contributor to flame speed enhancement by directly releasing heat as well as introducing OH that in turn produced H 2 O (and additional heat release through a secondary set of reactions). Furthermore, the reaction of O 3 with H competed with the other main H consumption reactions with C 2 H 4 and C 2 H 5 that led to the production of less reactive radicals that inhibited flame propagation. This is in contrast to the enhancement mechanism for CH 4 and C 3 H 8 , where the direct reaction of O 3 with H inhibits the flame speed. It is only the presence of the inhibitive reactions (3.3) and (3.4) in C 2 H 4 combustion that allows the reaction of O 3 with H to have a beneficial effect on flame speed enhancement.
The importance of O 3 reacting with H led to an enhancement dependence on the axial stretch rate of the flame, with more heat release earlier in the flame zone at higher stretch rates. The result of increased enhancement with increased stretch, as well as at lean and rich equivalence ratios, has interesting implications as stretch and partial premixing (i.e. turbulence) are almost always present. Furthermore, the differences in the enhancement mechanism with C 2 H 4 compared with other hydrocarbons suggest that other fuels with different fuel decomposition pathways may behave favourably to the presence of O 3 . Also, many large hydrocarbon fuels can be cracked into small components during endothermic processes, indicating that O 3 addition might be used to control the flame propagation processes in a wide variety of combustion devices.
